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Abstract
Quantum sensitivity is an important emulsion property for photographic image
formation and is usually calculated from a fraction of grains developable vs. log exposure
(F-log E) curve. In this thesis, a new method, the electrolytic grain-size analyzer (EGSA)
technique has been developed that will allow one to obtain F-log E curves for each grain
size class in polydisperse emulsions. The correctness of the F-log E curve obtained by
this new method has been examined by comparing the F-log E curve with that calculated
from the normalized D-log E curve in the case ofmonodisperse emulsions. The problems
in EGSA measurement, such as
"noise"
and emulsion solubility, which affect the
accuracy of F-log E curves obtained by such a method, have been solved and are
discussed in detail. The technique has been applied to the case of an emulsion with a
bimodal grain size distribution.
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Chapter 1
Introduction
The contribution made by an emulsion grain to the photographic image is a
complex function of the light distribution in the emulsion layer, the absorptivity of the
grain, the quantum sensitivity of the grain for developability and the photographic density
produced by the grain.
Quantum sensitivity (QS), which is defined as the mean number of the absorbed
photons/grain to make a certain fraction (the fraction of interest is 0.50 in most cases) of
the grains developable after correction for fog, is an important emulsion property for
several reasons:
It quantitatively assesses photon utilization.
If the theoretical limit to QS is known, it provides a way of determining how much
the emulsion performance can be improved from a quantum sensitivity standpoint.
It provides a property for judging the validity of latent-image formation models. A
successful latent-image formation model must not only show how a latent image is
formed, but also account for latent-image formation efficiencies.
Because of the way we have defined quantum sensitivity, when we speak of an
increase in quantum sensitivity we mean fewer photons/grain, and conversely, when
speaking of a decrease in quantum sensitivity, we mean more photons/grain.
Quantum sensitivity for an emulsion is determined intrinsically by emulsion
properties, such as silver halide grain size and shape, how grains are sensitized, and etc.
because the QS is controlled by how absorbed photons are utilized by the emulsion. Any
inefficiency in utilization of absorbed photons, such as recombination or loss of electrons
induced by oxygen or moisture, will decrease QS. However, the measured value of
quantum sensitivity also depends on following factors:
Development: Developer and development time have a close relation with the
measured value ofQS because they will determine the minimum developable size.
Optical property of the coating layer: the variation in depth of the light flux when the
film layer is exposed to a given irradiance.
Many papers concerning theoretical analysis and calculation of quantum
sensitivity, experimental measurement, and achievement of high quantum sensitivity have
been published which will be discussed in Chapter 2. All of them obtained QS from the
fraction of grains developable vs. log exposure curves (F-log E curves), which result
from the normalized D-log E curves for monodisperse emulsions or from microscopy
methods for polydisperse emulsions.
The quantum sensitivity for polydisperse emulsions should be further investigated
because not only are the commercial emulsions polydisperse but also the distribution of
grain size in the emulsion is one of the most important factors affecting the sensitometric
properties. Since microscopic methods are time consuming and complicated, a new
approach, electrolytic reduction of the emulsion grains, has been put forth in this thesis as
a way to obtain F-log E curves for each grain size class inpolydisperse emulsions.
The electrolytic reduction method is based on Faraday's law. Each silver ion in
the AgBr crystal is reduced to silver metal by one electron so that the total charge needed
to reduce a 1 urn3 AgBr grain is about 3.32xl0"9 Coulombs. The emulsion grains to be
measured are dispersed on a piece of fine-pore filter paper such that the average inter-
particle distance is about 3 urn. The filter paper with grains on it is placed on a turntable
and covered with electrolyte. As the turntable rotates slowly, the measuring electrode (a
~5 urn platinum wire) reduces the grains brought under it. The auxiliary electrode, which
is a silver rod that dips into the electrolyte but does not touch the grains, collects the
reduction current pulse. Thus the current pulse can be integrated to give the total charge
needed to reduce a grain, from which a volume of the grain can be calculated.
The electrolytic grain-size analyzer (EGSA) was first design by Moller ' in 1970
and improved by Holland and Feinerman[2'3] in the aspects of minimizing potential
artifacts in the data and increasing sensitivity. Most EGSA instruments today follow the
design of Holland and Feinerman. Compared to other methods of measuring grain size
distribution, such as electron microscopy, light scattering, and sedimentation, EGSA has
its own advantages:
It is rapid and accurate.
Its calibration is based on electrical measurements.
It directly measures grain volume.
Since the EGSA gives a grain size histogram curve, not only the emulsion grain
size can be measured but also the "frequency" at that grain size provides some useful
information. With carefully designed experiments and the residual size analysis
technique, it is possible to determine the fraction of grains developable versus log
exposure curve for an emulsion. In this thesis, the feasibility of this new method has been
first examined by comparing the F-log E curve to that obtained from the normalized D-
log E curve in the case ofmonodisperse emulsions. Then this new method was applied to
obtain F-log E curves for each grain size class in an emulsion coating containing a
mixture of two monodisperse emulsions.
Chapter 2
Previous investigations
Many papers concerning theoretical analysis and calculation of quantum
sensitivity, experimental measurement, and achievement of high quantum sensitivity have
been published. In this chapter, quantum sensitivity theoretical limit, measurement
techniques and some typical and landmark studies in this area are reviewed.
Theoretical limits to quantum sensitivity
Silberstein[4]
studied theoretical limits to quantum sensitivity and derived
theoretical curve shapes for the emulsion requiring N absorbed photons/grain by the
following assumptions:
Light absorption in the emulsion coating follows Poisson statistical probability
No inefficiencies in latent-image formation
No pre-existingmetal atoms are formed during either the emulsion precipitation or
chemical sensitization that can act as latent-image precursors
A maximum of one latent image per grain
If the minimum developable size is N atoms, then the photon threshold to induce
developability is N photons
The expression for the Poisson statistical probability, P, of individual emulsion
grains absorbing exactly i photons is given by equation 2.1 if the average number of
absorbed photons per grain is M.
Ml e"M
PmG) = (2.1)
Thus, the fraction of grains absorbingN or more photons (F) is
n-i
M2 MN_I
F = ZPM(i) = 1 - 2 PmG) = 1 -eM( 1 +M + +... + )
i=N i=o 2! (N-l)!
(2.2)
If the number of photons N is the photon threshold for grain development, F represents
the fraction of grains developable. Theoretical response curses from the Silberstein
analysis for developbility thresholds of 1, 2, 3, and 4 absorbed photons/grain are shown in
Figure 2.1.
Absorbed Photons. Grain
Figure 2.1 Theoretical response curves from the Silberstein analysis for developbility
thresholds of 1, 2, 3, and 4 photons/grain (From reference [4])
It is observed from Figure 2. 1 that the response curves become steeper and their
threshold shifts to higher exposure values as the developability threshold N increases.
From equation 2.2, the theoretical limit to quantum sensitivity is calculated as N 0.3
photons, i.e. if the mean absorption M isN- 0.3, then half of the grains (F = 0.5) absorb
N or more photons and are made developable. The theoretical limits to quantum
sensitivity are listed in Table 2. 1 .
Table 2.1 The theoretical limits to quantum sensitivity as a function of the minimum
developable size.
Minimum developable size (atoms) Theoretical limits to QS (photons/grain)
2 1.7
3 2.7
4 3.7
N N-0.3
Techniques for measuring quantum sensitivity
Quantum sensitivity determination concerns measurements of some quantities,
such as light irradiance, silver mass, grain volume, and light absorption.
Light Irradiance. The irradiance calibration of the sensitometer should be done
under conditions that are as close as possible to the actual exposure conditions. A
spectroradiometer, which is composed of a monochromator, a photodetector, and a
radiometer, is used to measure the incident irradiance. The spectroradiometer should be
calibrated and the accuracy of the calibration is an important point.
Silver Mass. Routine measurement of silver mass/unit area can be obtained with a x-
ray fluorescence instrument. This method is not accurate enough for low silver coverage.
The method with higher precision is atomic absorption spectroscopic analysis.
Grain Volume. The grain volume is a particularly important measurement in
determining quantum sensitivity. One way to determine grain volume is to measure grain
edge length or grain projective area from electron micrographs. The uncertainty
introduced in this method is high. A direct measurement of the grain volume would lead
to greater accuracy. This can be accomplished by direct electrolytic reduction of the
emulsion grains. The electrolytic method is based on the reduction of the grains of sliver
halide to sliver metal in an electrochemical cell. The fact that one electron is required to
reduce each silver ion in the emulsion grain, total charge needed to reduce a 1 Jim silver
halide grain can be calculated from Faraday's law. Thus, from the total charge needed to
reduce a grain, the grain volume can be calculated.
Light The absorptance is defined as 1-R-T, where R and T are the diffuse
reflectance and diffuse transmittance respectively. The absorptance of the coating is
measured by a spectrophotometer. Several important factors have to be considered:
(1) Since we are only interested in the amount of light absorbed by the silver halide, we
must correct for light absorbed by the non-silver halide, such as gelatin and coating
support. There are several ways to deal with this correction:
It is desirable to coat an emulsion on supports that do not appreciably absorb at
the wavelength of interest for quantum sensitivity determination
Assume that incident light is totally absorbed by silver halide grains
Use a model to determine the partitioning of absorbed light between the silver
halide grains and the support. For example, the simulations are carried out by a
Monte Carlo technique in reference [7]. The essential events to be followed are
absorption, scattering, and reflection. The probability distributions for these
events are determined by the optical properties of the grains, gelatin, and the
support. The basis of the Monte Carlo technique is to sum the results of a large
number of the photon tracks to arrive at the distribution of absorbed and scattered
light within the emulsion coating. This provides a method for estimating the
amount of light that is absorbed by the silver halide grains
(2) The effect of the thickness and optical properties of an emulsion layer. Despite the
inherent light scattering properties of silver halide grains, there is an inevitable
variation of irradiance within the emulsion layer. Due to absorption, the irradiance at
the top of the layer will be greater than that at the bottom of the layer, the ratio of the
two increasing with emulsion layer thickness. The usual approach to this problem is
to make the emulsion layer as thin as possible, within the limits of achieving accurate
density measurement. Operationally, this means the aim maximum density should be
approximately one. Any remaining variation in irradiance, which is on the order of
25%, is neglected.
The uncertainty of quantum sensitivity is a particularly important index in
quantum sensitivity determination. Since many quantities have to be measured for
obtaining quantum sensitivity, the uncertainty of quantum sensitivity depends on the
measurement errors of these quantities. Some measurement errors are difficult to
determine accurately and have to be estimated instead. Many researchers estimated this
uncertainty value under their experimental conditions when they calculated quantum
sensitivity for their emulsions.
Quantum sensitivity for monodisperse emulsions
It is generally recognized that the derivation of the sensitometric properties of
grains of a single size is an important experimental approach in photographic science, in
that it permits a clear statement of problems in the field of photographic sensitivity and
can assist in their solutions. Therefore, some researchers limited their quantum sensitivity
discussion to monodisperse emulsions.
Determining the quantum sensitivity entails the measurement of some emulsion,
coating, and exposure properties. Basically, the ratio of the mean number of the absorbed
photons per unit area and the mean number of the silver halide grains per unit area gives
the mean number of absorbed photons/grain without any irradiance modulation by the
step tablet. Then, when corrected by the log exposure difference between the clear area of
the step tablet and that corresponding to a chosen reference density on the D-log E curve,
we have the mean number of absorbed photons/grain that causes a chosen fraction of the
grains to be developable according to following equation:
10
10(logE-logEc)AITVp
QS = (2.3)
S W 10~4
Where, QS = quantum sensitivity (absorbed photons/grain)
log E = log exposure at the reference density
log Ec = log exposure at the clear step
A = absorptance
I = incident irradiance ( photons/cm2s )
T = exposure time (s)
V = grain volume (cm )
p = AgX density (g/ cm3)
S = silver coating weight (g/ cm )
W = weight factor (Ag > AgX )
For a monodisperse emulsion, the normalized density is representative of the fraction of
the grains developable by assuming the followingNutting relationship is valid,
D oc N a (2.4)
Where, D = density
N = the number of developed grains per unit area
a = the mean projective area of developed grains
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The assumptions of equation 2.4 are
The emulsion is monodisperse
The development of each grain is total
All the grains develop for aDmax exposure
There is no solution physical development
The equation used to normalize the D-log E curve is
D-Dmin
F = (2.5)
Dmax - Dmin
Where, F = the fraction of grains developable
D = the transmission density at a given exposure
Dmax = the maximum transmission density
Dmin = the minimum transmission density
We often desire the quantum sensitivity corresponding to 50% of grains
developable, after correction for fog. The log exposure value corresponding to this
criterion can be obtained from the normalized D-log E curve calculated by equation 2.5.
Spencer et al [5] investigated the quantum sensitivities of sensitized AgBr
emulsions with grain diameter of 0.23 u\m (shown in Figure 2.2). Quantum sensitivity
increases for the sensitized emulsions. Sulfur-plus-gold sensitized emulsion has the
highest quantum sensitivity, and reduction-sensitized and sulfur-sensitized emulsions
12
have similar quantum sensitivity. They did not describe how they obtained quantum
sensitivity in detail. So we are unable to place confidence limits on their results.
~3 0 9 h
I I
T3 C7 H
-S 0 6 i-
2 I
051-
o 0-3
I-
6 32 6- .23 25S S.2 i024
n (photons- grain!
Figure 2.2 Fraction of developable grains versus number of absorbed photons per grain.
S + Au, sulfur-plus-gold sensitized emulsion; R, reduction-sensitized:
S, sulfur-sensitized; U, unsensitized.
Exposure time, 2 s; Development, Kodak DK-50. 5 min. (From reference [5])
The highest quantum sensitivity obtained to date was first reported by Babcock
and James. [6] An emulsion of monodisperse cubic silver bromide grains with 0.15 [im
edge length was chosen for their study. In order to increase the quantum sensitivity for
such emulsions, vacuum outgassing and hydrogen hypersensitization were used because
the former minimizes the loss of the photoelectrons to oxygen and moisture and the latter
destroys holes and thus minimizes recombination. They concluded that the combination
of vacuum outgassing and hydrogen hypersensitization produced an emulsion coating in
which the majority of the grains were of about equal sensitivity and only 2-3 photons
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were required to make a grain developable based on the close fit of the experimental
points to the theoretical curves, as shown in Figure 2.3. In their studies, they assumed that
8 0 = Phctcns/cra n
0.9 Log Q
Figure 23 Correspondence of experimental data with theoretical curve for hydrogen
hypersensitized coating of (a) emulsions with sulfur-plus-gold sensitization,
(b) unsensitized emulsions. Exposure: 100 s, 400 nm. , 40-min development;
A , 80-min development. Developer: M-AA-1. (From reference [6])
all grains have equal access to the incident photons. Since their response curve had a
contrast similar to the 3-photon theoretical curve, they shifted their data to a higher
exposure to achieve a fit with this theoretical curve. This shift was rationalized on the
basis of experimental uncertainty, particularly that associated with grain volume and
radiometry errors. The required shift, which was 0.26 log E, represents an 80%
uncertainty.
Hailstone et al [7] studied the quantum sensitivity of an emulsion with sulfur-plus-
gold sensitized 0.475 u\m AgBr octahedral grains with and without hydrogen
hypersensitization (their results are listed in Table 2.2) and concluded that hydrogen
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hypersensitization of such emulsions produces grains requiring two or three absorbed
photons to become developable when processed for 40 min inM-AA- 1 . Unlike that in
Table 2.2 Quantum sensitivities of the emulsions studied in reference [7]
Emulsion S/Au H2 treatment time Quantum sensitivities (photons/grain)
*
(hr) Room air Vacuum + H2
1/1.5 4.5 7.8+1.2 2.0+0.3
1/1.5 3.0 3.2+0.5
2/3 2.0 5.80.9 2.4+0.4
3/4.5 0.75 6.51.0 3.30.5
7/10.5 0.50 8.8+1.3 3.6+0.5
* at 0.5 fraction developable, after correction for fog, exposure: 400nm.
Babcock and James' study, the uncertainty in their quantum sensitivity determination is
15% at the 2a confidence level. It is worthy to note that they used a direct measurement
of the grain volume by the method of electrolytic reduction of emulsion grains instead of
measuring grain edge lengths or projective areas from electron micrographs. This leads to
greater accuracy in quantum sensitivity calculations.
Quantum sensitivity for polydisperse emulsions
Since the majority of emulsions of interest are of appreciable size spread, i.e., the
emulsions are polydiserse, the Nutting relation is not valid and the normalized D-log E
curve can not be derived by equation 2.5. Therefore, techniques are required for deducing
the response of individual size classes within the response of an emulsion as a whole.
Steps for measuring quantum sensitivity of each size class for polydisperse
emulsions are:
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(1) Analyze response in terms of individual grain-size classes,
(2) Determine fraction developable. There are two ways:
a. Indirectly by residual grain size analysis. The exposed film is developed but not
fixed, and photomicrographs are made of the residual undeveloped grains at the fog
level and at various levels of exposure. The residual grain size distributions are
determined from the photomicrographs, and subtracted from that for the undeveloped
emulsion layer to give the size distribution of the developed grains at the various
exposure levels. From this data the fraction of developable grains in a particular size
class can be determined.
b. Directly by sizing developed and undeveloped grains. This technique is not of
general applicability because the size relationship between the grain before and after
development is usually lost with practical development conditions.
(3) Apportion the absorbed light among the different size classes according to
a. grain volume if intrinsic exposure
b. grain surface area if spectral exposure
(4) From results of step (1) - (3), F-log P ( P is the absorbed photons/grains ) for each
size class can be obtained.
Hailstone[8] derived an equation to calculate the quantum sensitivity for each size
class in polydisperse emulsions:
lQ(logE-logEc)^ j,p p
QS = (2.6)
G
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surface area of all the grains in size class
Where F = for spectral exposure, or
F =
G =
total surface area of all the classes
volume of all the grains in size class
total volume of all the classes
the number of grains in size class
total coating area studied
for intrinsic exposure
( grains/cm")
the other terms are the same as that in equation 2.3.
The study of Farnell and Chanter
[9] is a landmark in the area of quantum
sensitivity determination. They systematically examined the quantum sensitivity of
individual size classes in polydisperse emulsions of various types (see Table 2.3). In order
to avoid the effect of the thickness of an emulsion layer, they exposed and developed (see
Table 2.4) the material as a thick layer and afterwards washed off all but a single layer of
grains adhering to the base. Six polydisperse emulsions were investigated by residual size
analysis technique using photomicrography. A typical plot of residual grain number
versus log absorbed photons/grain for an emulsion is shown in Figure 2.4.
Table 23 Emulsion for quantum sensitivity measurements in reference[9]
Halide Composition
Mass of
silver halideEmulsion Emulsion Type Grain Shape Mol. Mol. Mol.
No. o 0/0
0'
/O per unit area
AgBr Agl AgCl mg/cm.2
1 High-speed screen X-ray Spherical 98-3 1-7 1-73
2 High-speed negative Thick Tabular 93-9 6-1 1-13
3 Medium speed negative Thick Tabular 95-9 41 100
4 Low-speed negative Thick Tabular 95-9 41 1-04
5 High contrast process Cubical 60 40 1-05
6 Experimental Thin Tabular 100 0-95
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Table 2.4 Processing and exposure in reference [9]
Emulsion No. Exposure time (s) Development time in Kodak P. 19b (min)
1
2
3
4
5
6
0.050
0.032
0.010
0.010
1.000
0.320
8
6
6
1
8
6
* Yields maximum speed of the emulsion selected for QS measurement
300-
200-
lOO- 5
F O OS IO 1-5 2-0
Log Absorbed Quanta/Average Grain of the Emulsion
Figure 2.4 A typical plot of residual grain number versus log absorbed quanta per grain for
various grain sizes ( referred to by volume ) within a fixed area of single grain layer.
(From reference [9])
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From the curves, values of residual number at various exposure levels were read
off and subtracted from the original number (i.e., the number in the undeveloped
emulsion layer), and the results were divided by the original number of grains in the
undeveloped layer to give the fractions of grains rendered developable at various
exposure levels. Plotting these fractions against an exposure scale of log photons
absorbed per average grain (shown in Figure 2.5) yielded a family of single size-class
curves spaced out in a fashion determined by their individual quantum sensitivity. The
I75H 1
O SOI- a,
Log,e Absorbed Quanta / Grarr
EMULSION 1, 5
A Gro- Volu
OOJO.'
C n7 -
J>
//
_;q Absorbed
Cjonia/Groin
Figure 2.5 Two typical examples of response curves of grains of different size in polydisperse
emulsion in terms of developable grain fraction versus log absorbed quanta / grain.
The various sizes of grain are referred to in terms of their volumes. (From reference
[9])
QS values for individual size classes in all six emulsions are summarized in Figure 2.6.
The data in Figure 2.6 indicate a large variation in average QS among the six emulsions.
In some emulsions, quantum sensitivity varies systematically with grain size, and the
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most general characteristic indicates a decrease towards large grain sizes to some extent.
Highest quantum sensitivity, which is obtained from the larger grain-size emulsion, is
about 10 photons/grain. The uncertainty of quantum sensitivity they analyzed in their
experiment was about 30%. However, a more rigorous error analysis would probably
yield a higher value. Most of the uncertainty can be attributed to the residual size analysis
where two uncertain numbers are subtracted from each other.
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Figure 2.6 Plots for each emulsion showing the variations with grain volume of the number of
absorbed quanta/grain required to reach developable fraction = 0.5. (From reference
[9])
Broadhead and Hymers[10] studied the quantum sensitivity of polydisperse silver
iodo-bromide (about 9% iodide) emulsions that were partially developed in a color
developer by residual size analysis method combining electron microscopy and optical
microscopy. Precautions were necessary to ensure that the residual halide from the
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partially developed grains did not confound the residual size analysis. Some important
results they obtained are shown in Figure 2.7 and 2.8. From these results they came to the
following conclusions:
The quantum sensitivity response curves are different from grain size class to grain
size class (shown in Figure 2.7).
The quantum sensitivity falls with both an increase and a decrease from some
optimum grain size near
l(im~ (shown in Figure 2.8).
The highest quantum sensitivity for grains examined is 12+6 photons/grain.
Log q
Figure 2.7 The fraction of grains developed in a class per unit area of film is shown as a
function of the mean number of absorbed photons (q) required to render grains
developable. The confidence in some of the data is indicated by error bars.
The numbers 5-11 stand for different grain size classes. Exposure condition:
time, 0.1 s, 405 nm; Development: Kodak C41 for 2 minutes at 37.8 C.
(From reference [10])
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Class ^
0.8
a < ysn2 )
Figure 2.8 The mean number of absorbed photons (q) required to render developable 50% of
the grains in each of several size classes of area (a) where fog is excluded. Exposure
condition: time, 0.1 s, 405 nm; Development: Kodak C41 for 2 minutes at 37.8C.
(From reference [10])
These studies of polydisperse emulsions used residual size analysis to determine
quantum sensitivity. However, there are some limits to this technique,
Requires the development of grains to be such that any AgX residues of developed
grains, visible after bleaching of the developed silver, are recognizable as such.
If interest relates to processing in which grain development is partial, then auxiliary
steps have to be introduced to enable reduction of developing grains to be completed
without initiation of development of additional grains.
Possible errors arise from solvency effects of the developer on residual grains.
Statistical uncertainties are greater because the fog and small responses to exposure
are determined as differences between two large numbers, both of which have their
own uncertainties.
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Farnell and Jenkins[11' put forth an alternative approach to the derivation of
sensitometric properties of single-size classes in polydisperse tabular silver halide grain
(AgBr +3% Agl) emulsion. The sensitometric characteristics of individual size classes
in well-hardened emulsion layers can be derived from micrographs of the developed grain
population at various exposures because developed grains in such emulsion layers are
similar in size and shape to undeveloped grains. This approach is limited to emulsions of
medium to large grain size. A necessary requirement is that grains should be present in a
layer of such thickness that departures from the plane of focus in photomicrography are
not so great as to reduce significantly the accuracy of size determinations from
photomicrographs. This means the coating must be very thin, making the relevance to
practical coating questionable. Relative sensitivities of size classes were evaluated in
terms of the inverse of exposure required to render developable fractions of 0.5 after
correction for fog (shown in Figure 2.9).
Log.^rsl. S(.
-05 CO C-S 1.3
LS3,0 (JJ.T12)
Figure 2.9 Log relative sensitivity (S) as a function of log grain area (a) for the paired size
classes in emulsion of under-(U), optimal (OPT), and over-(O) sensitization.
Sensitivities have been corrected for fog. The dash line is of slope 1 .0 and represents
the trend to be expected if photon sensitivity is invariant with grain size. (Reference
to a developable fraction of 0.5). Exposure time, 0.01 s; Development, Kodak DX-
80 for 12 min. (From reference [11])
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From these results, they concluded that
On optimal or oversensitization with regard to full development, the absorbed photon
requirement for developability is substantially invariant from small to medium grain
sizes, but increases greatly towards large grain sizes. This shows that losses of photon
sensitivity towards large grain sizes are a specific size effect.
Towards smaller grain sizes, in the undersensitized state the mean photon sensitivity
decreases significantly and the spread of the sensitivity among grains of a single size
is greater than at optimal or oversensitization.
The authors also concluded that grain sensitivity in terms of developed fraction,
and after fog correction, is substantially independent of fog fraction. This means that fog
growth does not selectively remove the most sensitive grains.
This discussion of QS determination in poydisperse emulsions has shown some of
the difficulties in the measurements. One of the major limitations is the determination of
developed and undeveloped grains, which requires some form ofmicroscopy and thus, is
not suited for high throughput or accurary. It is the purpose of this thesis research to show
that the EGSA technique can be substituted for microscopy, making the QS determination
in polydisperse emulsions more routine and accurate.
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Chapter 3
Experimental
3.1 Emulsion preparation and sensitization
As described previous by Hailstone, the emulsion was precipitated by the double
jet method[12] and was prepared by Mr. Gary DiFrancesco. A precipitation vessel
containing deionized gelatin was adjusted to pH 7.0 at 40C. The temperature was then
raised to 75C and the pAg adjusted to 7.8 with a KBr solution. The KBr and AgN03
solutions were then pumped into the vessel at a constant flow rate for 1.5 minutes with
the pAg held constant. With continued pumping, the pH was then adjusted to 3.0 with
HNO3 (IN) and the pAg to 8.5. The AgN03 was pumped to the vessel using an
accelerated flow rate having a linear profile. The pumps were stopped when the silver
solution ran out, which occurred at approximately 60 minutes. The vessel was then
cooled to 40C, deionized phthalated gelatin added, and four washes carried out at 20C.
Additional deionized gel was added and final adjustments to pH 5.6 and pAg 8.0 at 40C
were made. The resultingmonodisperse emulsion is composed of octahedral AgBr having
a mean edge length of 0.47 |im.
For emulsions with 0.78 |im grain size, the procedure is similar to that of 0.47
Jim grain emulsions except that the starting pAg and pH were 8.5 and 3.0 at 75C
respectively, and initial AgN03 and KBr flow rates were 25% lower. For emulsions with
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1.17 (im grain size, a seed-shell method was used. AgBr seeds were produced using the
same nucleation conditions as the 0.47 u\m grains. However, only 10% of AgBr used to
make 0.47 urn grains was used, resulting in seeds of about 0.2 |im. A portion of these
seeds was put into the make kettle with additional gelatin and distilled water. AgN03 and
KBr were added at pH 3.0 and pAg 8.5 to grow these seeds to 1.17 tim.
Before sensitization, the emulsion was diluted by deionized gelatin solution and
distilled water at 40C so as to achieve 2% Ag and 4% gel concentrations for 0.47 itm
grains, and 3% Ag and 6% gel concentrations for 0.78 and 1.17 u\m grains. pH was
adjusted to 5.6 by NaOH or HNO3, and pAg was adjusted to 8.0 by KBr or AgN03
solutions. Sulfur and gold sensitizing reagents were then added to the emulsion. The
temperature ramp condition for sensitization are: heat from 40C to 70C at 1.5C/min,
and then hold at 70C for 40 minutes, finally cool from 70C to 40C at 1.5C/min.
The sensitized emulsions were stored in a refrigerator for later coating. In this
thesis, SN202 and SN216 are coating sets in which 0.78 11m grain-size emulsions are
used with different sulfur and gold sensitizations. SN239 is a coating set in which an
emulsion with a mixture of 0.47 and 1.17 p:m grains is used.
3.2 Coating, processing, and densitometry
The sensitized emulsions were re-melted at 40C, and a surfactant solution
(mixture of 2 g Saponin, 1.4 g Triton X100, and 238.4 g distilled water ) was added to
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each sample at level of 2 ml/lOOg emulsion. The emulsions were coated on clear acetate
support at 1 g
Ag/m2
without a hardener, then the film was dried overnight. The coating
of the films was done by Mrs. Monica Tyne. The films were exposed for 1 second in a
sensitometer with 15-step tablet incorporated in the exposure window, developed in D-19
for 6 minutes (or EAA-1 for 20 minutes) at 20C, fixed for 3 minutes only for getting D-
log E curve. The films used for the EGSA analysis were unfixed. Densities were
measured by aMacbeth densitometer.
In bleach case, the films were exposed and developed the same as above but not
fixed. Then they were bleached for 5 minutes in a bleach solution and washed for 10
minutes in water.
3.3 EGSA measurement
3.3.1 Instruments
Our electrolytic grain-size analyzer, which is based on Holland's design1-2'3-1,
measures grain size from 0.001 to 40 |im3 on a single logarithmic scale. It includes three
parts as shown in Figure 3.1.
(1) A Harman Kardon T60C model turntable, containing a preamplifier.
The measuring electrode which contains a 5 u\m platinum wire and a small silver
rod used as an auxiliary electrode make up an electrochemical measurement system. As
the turntable rotates slowly (about 1 rph), the measuring electrode reduces the grains
brought under it and each reduction current pulse, typically a few milliseconds in
duration, is collected and preamplified.
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(2) A Tektronix 608 monitor, which contains a multichannel analyzer and the A/D
converters. It has four modes of operation, analyze, display, plot, and erase.
T60C Turntable
Ag Pt
Current amplifier
Tektronix 608 Monitor
A/D
Converters Memory
Gated
Integrator >
Multichannel
Analyzer
Ametrek
DMP-40 Series
Digital Plotter
Figure 3.1 Block diagram of EGSA instruments
1 Electrolytic solution 2- Filter paper 3 - The holder of the turntable
Analyze mode
The A/D converter continually samples the reduction current. When the current
exceeds a threshold value, the program in the multichannel analyzer begins to integrate
that reduction pulse. The reduction current is digitized and the sum of all the reduction
samples accumulates as long as the current stays above threshold. The total charge needed
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to reduce a grain is the integral of the reduction current over the duration of the pulse.
After various logic operations the integrated pulse is sorted and stored in the appropriate
channel of the multichannel analyzer. Each channel corresponds to a different grain size.
The operator may terminate a measurement at any time. Otherwise the multichannel
analyzer automatically stops taking data after one of the channels is filled with 256
counts.
Display mode
A grain size histogram curve can be displayed at any time during the
measurement. The analysis is temporarily stopped while the contents of the data memory
are displayed.
Plot mode
The measured data are weighted by grain volume and grain number respectively to
plot the volume-weighted and number-weighted histograms. Their cumulative curves in
two cases are also plotted. A set of 24 parameters calculated are recorded along with
curves, which are shown and explained in appendix 1. Those parameters are meaningful
only for measuring single grain-size emulsions. Since test emulsions were always mixed
with control grains in our experiment, we only used data in the number-weighted
histogram curve, i.e., the peak height at specific grain size.
Erase mode
Datamemory in multichannel is erased and a new measurement may begin.
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(3) An Ametek DMP-40 Series digital plotter, which gives a hard copy of the EGSA
measurement.
3.3.2 EGSA sample preparation
As described in Chapter 2, the EGSA was mainly used to measure emulsion grain
size. In order to obtain a fraction of grains developable by the EGSA method, the
experimental conditions have been designed as follows:
The test film exposed to the step tablet is developed but not fixed.
Emulsion grains in each step of the processed test film are removed from the film
base and made as an EGSA sample with mixture of the control grains whose
properties are shown in Figure 3.2.
The residual undeveloped grains in each sample are analyzed by the EGSA.
The reason that the control grains have to be used is because of the design of our EGSA
instrument. With the control grains and by making these grains the highest concentration
in our EGSA samples, we can use their signal to stop the EGSAmeasurement at the same
sample time, independent of our test grain concentration, that is, the multichannel
analyzer in the EGSA instruments automatically stops taking data after the channel which
corresponds to control emulsion grain size fills with 256 counts. In this case the peak
heights of test grains in the grain size histogram provide useful information about fraction
of grains developable. Otherwise, the EGSA instrument automatically stops taking data
after a channel which corresponds to one size class of a test grains fills with 256 counts.
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Figure 3.2 A grain size histogram ofcontrol grains measure by EGSA
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In this case, the peak height in the grain size histogram obtained from each exposed step
can not be compared with other samples because there is not a common sampling time.
An EGSA sample that mixes these control grains and test grains was generally
prepared by the following steps:
(1) Placed 2 of the film containing control emulsion grains in 26.7 ml KBr
dispersant (0.002 N KBr). AgBr grains were removed from the film base and
dispersed thoroughly using a Cole-Parmer 8851 sonicator for 8 minutes at 50-55C.
(2) Placed 1-2 punches of test emulsion film in 10ml KBr dispersant (0.002 N KBr).
AgBr grains were removed from the film base and dispersed thoroughly using Cole-
Parmer 8851 sonicator for 5-8 minutes at 50-55C. The number of punches and
sonication time may vary with different films, such as an unexposed and unprocessed
film, an unexposed and bleached film, and an exposed, developed and with or without
bleached film, and whether or not an enzyme or/and NaOH solution were added in
KBr dispersant.
(3) Mixed 0.1ml control grains solution and a suitable amount of test grains solution,
which are prepared by step (1) and (2) respectively, in 20 ml KBr dispersant, and
swirled 3 minutes by Magne 4 (Cole-Parmer Instrument Company). The ratio of
control to test emulsion grains was adjusted for two reasons. One is to make sure that
the multichannel analyzer in EGSA instruments automatically stops taking data after
* The word "punch" in our experiment is defined as a circle area with 6.5 mm in diameter
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the channel which corresponds to the control grain size fills with 256 counts. In this
case the peak height of test grains in the grain size histogram is always lower than that
of control grains. The other reason is to make sure that the peak height of test grains is
not too low to measure accurately. The number of the control and test grains is also
important in this step. If the number is too small, it takes more time for EGSA scan
measurement. On the other hand, if the number is too large, EGSA measurement
"noise"
would worsen, which will be discussed in more detail in section 4.1.3.
(4) The solution prepared in (3) was filtered with a 0. 1 urn VC Millpore filter paper by
vacuum filtration system. The filter paper was then placed on the holder of the
turntable and covered with the electrolytic solution (mixture of 0.002 N KBr and 0.05
N KN03).
3.3.3 Cleaniness ofEGSA probe
Cleanprobe - After running each sample
Use a small amount of Colgate toothpaste (regular type) on a cotton-tipped swab,
rub carefully and lightly the bottom tip of the glass electrode which contains a very small
platinum wire. Then rinse the glass probe thoroughly with distilled water, and finally dry
the probe by a cotton-tipped swab and a fine wiper.
Polish probe - After running 60 - 80 samples or ifnecessary
Prepare a thoroughly dispersed diamond lapping compound DW57 (Penn
Scientific Products Co., Inc) solution by ultrasonic agitation. Then a suitable amount of
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the solution is filtered through the 0.05 jxm PH75 Schleicher & Schuell filter paper. The
paper is then put on the holder of the turntable, and the glass probe is put in contact with
the paper and polished at a speed of about 20 rpm for 40 - 60 seconds.
3.4 Bleach solutions and enzyme solutions preparation
All these solutions were prepared just before use.
A. K2Cr207 bleach solution: 10 g/L K2Cr207 + 2 g/L H2S04 (cone.)
B. Ce(S04)2 bleach solution: 10 g/L Ce(S04)2 + 8 ml/L H2S04 (cone.)
C. Trypsin enzyme KBr solution:
Step 1 Activator preparation Dissolve in order: 2.5 g Ca(N03)24H20, 6.0 g
THAM (C4HnN03, Fisher Chemical), and distilled water to 1000 ml.
Step 2 Working solution preparation :
1. Combine in order:30 ml distilled water, 15 ml Activator solution, and
0.5 g Trypsin (Fisher Chemical T360-500)
2. Vacuum filter above solution with filter paper
3. Vacuum filter above filtered solution with 0. 10 pim filtermembranes
4. Add 0.0108 g KBr to 45 ml working solution
D. Protease 200 enzyme KBr solution: dissolve lg Protease 200 (Bio-Cat Inc.) in
100ml 0.002N KBr dispersant solution.
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3.5 F-log E curves measured by EGSA method and D-log E curve
(1) The F-log E curve measured by the EGSA method
The exposed and developed test emulsion grains mixed with control grains are
prepared as samples for EGSA measurement as described in section 3.3.2. A different
sample results from each of the exposure steps on the film. A number-weighted grain size
histogram curve with two or more peaks is obtained by EGSA measurement. The higher
peak results from the control and others from test emulsion grains. The number of peaks
depends on the number of grain populations present in the test emulsion. The peak height
in the histogram curve is ascribed to the number of undeveloped grains in the sample. The
relative peak height of the test emulsion grains is its peak height divided by that of the
control grains, and the normalized peak height of the test emulsion grains is its relative
peak height divided by that of the unexposed and undeveloped test emulsion which we
use as reference to the exposed and developed test emulsion. The fraction developable F
of the test emulsion grains can be calculated by equation 3.1,
F = 1 - the normalized peak height (3.1)
and log E calculated from the step tablet. In our EGSA measurement, choosing a
reference emulsion depends on whether a film is bleached. If a film of test emulsion is
unexposed, developed and bleached, the reference is the unexposed and bleached film of
the same emulsion. Otherwise, the reference is the unexposed film of the same emulsion.
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Appendix 2 describes in detail how to obtain F-log E curve by such EGSA method based
on the example ofFigure 4.2(b).
(2) The F-log E curve measured from the D-log E curve
The method is only effective for monodisperse emulsions. Equation 2.5 in
Chapter 2 is used to normalize the D-log E curve.
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Chapter 4
Results and discussion
4.1 EGSAmeasurement ofmonodisperse emulsions
4.1.1 Ultrasonic agitation time and temperature effects
Since the EGSA method is based on the residual grain size analysis, it is required
that all the residual undeveloped grains on the exposed and developed film should be
removed from the film base for EGSA measurement. An ultrasonic agitation method was
chosen for our EGSA sample preparation. In this case, the sonication time and
temperature can have a great influence on test emulsion grains'relative peak height in the
grain size histogram. The higher relative peak height means more residual undeveloped
grains are removed from the film base in making the EGSA sample. A series of
sonication times and temperatures have been investigated for two kinds of films that were
often used. One is an unexposed and unprocessed film (we used as a reference), and the
another is an exposed, developed (by D-19 or EAA-1) and unfixed film (we call test
film). The typical results are shown in Figure 4.1. The results suggest that longer
sonication time and higher temperature result in higher relative peak height in the grain
size histogram and the relative peak height is also dependent on the kind of films. The
optimum experimental conditions for ultrasonic agitation method we chose are sonication
time 5-8 minutes and temperature 50 -55C.
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Figure 4.1 Ultrasonic agitation time and temperature effects on EGSA samples
(a) SN216-5 unexposed and unprocessed film
(b) SN216-5 EAA-1 developed film (Dmin).
4.1.2 F-log E curves
The F-log E curve for monodisperse emulsions can be obtained from the
normalized D-log E curve and this has been verified experimentally1121. In our studies, we
38
(a)
1
0.9 V
0.8 - u
0.7
- 9o 0.6 ? EGSA
t> 0.5
= 0.4
-
? Normalized Den.
0.3 J0.20.1
0
:
, 0
?
0
?
D
2 3 4
LOG Relative E
(b)
1
0.9
0.8
0.7
: | i
?
1
i
6
#
D
0.6
S 0.5
ra
0.4
0.3
0.2
0.1
0
? EGSA
?Normalized Den.
1.4 1.8 2.2
LOG Relative E
2 6
Figure 4.2 F-log E curves obtained form the D-log E curve and by the EGSA method
(a) SN216-5 EAA-1 (20 min.) developed film
(b) SN202-6 D-19 (6 min.) developed film
Mutiple ? s stand for several EGSA measurements on the same sample.
used it to verify the F-log E curve obtained by the EGSA method. The typical F-log E
curves obtained by two methods are shown in Figure 4.2. The results give a good
agreement with F-log E curves obtained by two methods. It indicates that correct F-log E
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curve can be obtained by the EGSA method and it is possible to apply the EGSA method
to polydisperse emulsions.
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Figure 43 Grain size histograms of the D-19 developed (6min) SN202-6 film
(a) Step 12 with D=0.45 (Corresponding point in Figure 4.2(b), log Relative E = 1.8)
(b) Step 1 1 with D=0.68 (Corresponding point in Figure 4.2(b), log Relative E = 2.0)
However, noise, which appears as some meaningless small peaks, appears at the
smaller grain volumes on the grain size histogram of test samples with high irradiance
exposure (i.e., high developed density on the test samples). Two typical grain size
40
histograms with such noise are shown in Figure 4.3, which shows that noise increases
with increasing extent of development. Such noise is harmful because it interferes with
the peak height of control grains and further affects the accuracy of the relative peak
height of the test emulsion grains. Before further studies we have to first find a way to
minimize such noise.
4.1.3 "Noise" analysis
Two main types of artifacts can arise in the analysis by EGSA method.
" Double hits " - reduction of two grains simultaneously. The shape of the reduction
current vs. time pulse for two grains is indistinguishable from that for a single grain
with double volume. This artifact can be reduced by using fewer AgBr grains on
EGSA sample.
Partial reduction - the EGSA probe loses contact with the grain before the reduction
is completed. The partial reduction produces a background noise at smaller grain
volumes in the grain size histogram.
Noise appearing at the smaller grain volumes on the grain size histogram suggests
that "partial reduction"happened. We thought noise may mainly result from one or both
of the following reasons:
EGSA probe contamination
Developed grains in sample after development.
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(1) EGSA probe cleaniness
Some noise can result from the EGSA probe contamination. Two probe cleaning
methods which have been described in section 3.3.3, especially the polish method,
reduces quick and breakup pulses greatly. However, excessive polish may wear and tear
the EGSA's platinum probe that is very expensive. Cleaning EGSA probe by toothpaste
did not reduce noise as much as polishmethod in some cases.
(2) Sonication time effect on noise
We examined sonication time effects on the EGSA measurement of samples with
higher irradiance exposure and measured densities of the film base after sonicating (see
Table 4.1). The results in Figure 4.4 show that noise is in medium level for 2- and 4-
minute cases whereas it is large for 8-minute one. 4-minute case has the highest relative
peak height and 2- and 8-minute cases have similar lower peak height, which results from
different reasons. Low peak height in 2-minute case is probably caused by not all
undeveloped grains being removed from the film base since its corresponding density in
Table 4. 1 is higher than those of 4- and 8-minute cases, whereas the low peak height in 8-
minute case mostly results from large noise which affects the control
grains'
peak and
thereby influences the peak height of the test grains.
Table 4.1 Densities of SN202-6 (exposed, D-19 developed, step 11 ) film basemeasured
after sonicating at certain time
Sonication time (min.) Density Noise extent
2 0.05-0.06 Medium
4 0.03-0.04 Medium
8 0.03-0.04 Large
42
14/
1- /
(a)
(b)
"-li
Is,
i i
n
(c)
-
iV |" *! r J .;
Solill / MillJ
I
Grain volume,
um3
Figure 4.4 Sonication time effects ofEGSAmeasurement of the step 1 1 (D = 0.68) of 6min
D-19 developed SN202-6 film (a) 2 min.; (b) 4min.; (c) 8 min.
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(3) Bleach effect
For the developed film which was exposed to higher irradiance, a lot of developed
grains existed along with undeveloped grains and these developed grains may introduce
noise because some of them may attach to the EGSA probe and block complete reduction
of the undeveloped grains. We think most noise in our experiment was caused by this
effect, and so the conventional bleach method was introduced to remove developed
grains before EGSA sample preparation.
First K2Cr207/H2S04 bleach solution was chosen. The following reaction1-131
happens during bleaching process,
K2Cr207 + 5H2S04 + 2Ag- Cr2(S04)3 + Ag2S04 + K2S04 + 02 + 5H20
The suitable bleaching condition has been examined. The densities of the films which
were exposed, developed and bleached under some different bleach and wash time
conditions are listed in Table 4.2.
Table 4.2 The density under some different bleach and wash conditions
Sample # Bleaching time (min.) Wash time (min.) Density
0 0 10 1.32
1 5 10 0.05
2 5 20 0.05
3 5 30 0.05
4 10 10 0.05
5 10 20 0.05
6 10 30 0.05
# SN216-4 film, Exposure: 1 s, Developer: D-19 (6 min.)
EGSA measurement results of sample #1, #2, and #3 show that noise was reduced
greatly (shown in Figure 4.5). The density and EGSA measurement results indicate that
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bleaching in K2Cr207 solution for 5 minutes and wash for 10 minutes is enough to
remove developed grains in our experimental condition.
'i
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Grain volume, Jim
Figure 4.5 A typical grain size histogram ofD-19 developed and bleached sample
Sample #1 in Table 4.2
The F-log E curves for a typical exposed, D-19 developed and bleached (in
K2Cr207 solution) film obtained by EGSA measurement and D-log E curve is shown in
Figure 4.6. Although noise can be reduced greatly by using the bleaching method, the F-
log E curve obtained by the EGSA method significantly deviated from that from the
normalized D-log E curve. The reason is that dichromate (K2Cr207) also reacts with the
gelatin of the emulsion layer: [14]
(gelatin)
K2Cr207 + H2S04 > Cr203 + K2SQ4 + 30+ H20
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Figure 4.6 F-log E curves of SN202-5 D-19 (6min.) developed and bleached (in K2Cr207
solution and washed 10 min.) sample. Mutiple 4 s stand for several EGSA
measurements on the same sample.
and the formation of chromium oxide (Cr203) causes the hardening of the gelatin of the
emulsion layer by crosslinking individual gelatin polymer strands.[15] Therefore
dichromate bleach makes undeveloped grains hard to remove from the film base under
our optimum ultrasonic agitation condition described above. Longer sonication time has
been tried for these bleached samples and the results are listed in Table 4.3.
Table 43 Sonication time effect on an exposed SN202-4 D-19 developed sample bleached
by K2Cr207 solution at 50-55C sonication temperature
Sonication time (min.) Step 15 (D=0.07) Step 7 (D=0.21) Step 5 (D=0.65)
5 Unclear base Unclear base Unclear base
10 Clear base Clear base Unclear base
16 N/A N/A Unclear base
Base density after
10 min sonication time
0.04-0.05 0.04-0.05 N/A
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It is suggested that undeveloped grains from higher irradiance steps (such as D =
0.65) were particularly hard to remove from the film base or the sample could not be
homogenized. Even for samples with an apparently clear base after sonication, the
fraction of grains developable measured by EGSA still deviated from the normalized
density obtained from the D-log E curve.
Another bleach solution, Ce2(S04)3/H2S04, was used to attempt to gain
improvement. This kind of bleaching solution is required to be used at once. Otherwise, it
becomes insoluble after some shelf time and can not bleach developed silver. During the
bleaching process the following reaction[14] happens,
2Ag + Ce2(S04)3 -> 2CeS04 + Ag2SQ4
The results with this bleach solution are listed in the Table 4.4.
Table 4.4 Results of an exposed SN202-5 D-19 developed sample bleached by Ce2(S04)3
solution
Bleach time (min) with
10 min wash
Density after bleach
for step 1 (D=0.82)
Observe film base for step
5(D=0.79) and 15(D=0.12)
after 10-minuite sonication
5 0.07 can't remove AgBr
from the film
10 0.07 can't remove AgBr
from the film
The results show that Ce2(S04)3 bleach solution is not good for our studies
because it hardens the emulsion much more than the K2Cr207 solution.
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By cleaning the EGSA probe, particularly when using K2Cr207 bleach method,
noise in the grain size histogram can be greatly reduced. However, in the meantime, the
F-log E curve obtained by the EGSA method greatly deviated from that of the normalized
D-log E curve. This effect is ascribed to the bleaching process which hardens the
emulsion layer and makes undeveloped grains hard to remove from the film base or
prevents sample homogenization even under longer ultrasonic agitation time condition.
4.1.4 Enzyme effects on emulsion solubility
Trypsin enzyme
Trypsin breaks down gelatin and makes it easier to remove undeveloped grains
from the film base. Two samples were used to check the Trypsin effects (shown in Figure
4.7). One is an unexposed SN202-6 film, and another an unexposed and bleached (in
K2Cr207 solution) SN202-6 film.
-(b)
"(a)
0.05 0.1 0.15
Trypsin concentration, g/ml
Figure 4.7 Relative peak height vs. Trypsin concentration curves
(a) unexposed SN202-6 (b) unexposed SN202-6 bleach (in K2Cr207 solution)
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The results in Figure 4.7 show that the relative peak height of test emulsion grains
increases with Trypsin concentration decrease. However, densities of sample film base
measured after sonication in different Trypsin concentration solutions is almost same
(about 0.03). It suggests that undeveloped grains were removed from the film base with
adding Trypsin enzyme but could not be detected by the probe. Higher Trypsin
concentration solutions have also been investigated, but noise in EGSA measurement was
increased.
Protease 200 enzyme
Protease 200 is an another enzyme, which is much like Trypsin but more easily
prepared. We examined the Protease 200 effect by two ways. One is to check whether the
film base is clear by naked eye after ultrasonic agitation with or without adding Protease
200, and the other way is to check the sample's undeveloped grain relative peak height by
EGSAmeasurement.
The sample we used is the step with D=0.12 of an exposed, D-19 developed and
bleached (in K2Cr207 solution) SN202-5 because its fraction of grains developable
measured by EGSA greatly deviated from that of the normalized curve (see
corresponding points at log relative E = 1.4 in Figure 4.6).
The results show that the film base was completely clear and the density of film
base is about 0.03-0.05 after the test film was sonicated in KBr dispersant containing
Protease 200 at 0.5-5%, whereas some yellow emulsion grains are still on the film base
without adding Protease 200. It suggests that the relative peak height of test emulsion
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grains would increase in EGSA measurement when adding Protease 200. However, the
curve in Figure 4.8 doesn't show this trend. It seems that some undeveloped grains could
not be detected by EGSA measurement, as was seen with the Trypsin enzyme. The reason
is not clear but appears to be an interference of the enzyme with detection of the
undeveloped grains by the EGSA probe.
1 2 3
Concentration, %
Figure 4.8 Protease 200 enzyme effect on the relative peak height of test emulsion grains
The step with D=0.1 of SN202-5 D-19 (6min.) developed and bleached (5min.
In K2Cr207 solution and washed 10 min.) sample
4.1.5 pH effects on emulsion solubility
In theory, higher pH could increase the solubility of the emulsion much like the
enzyme discussed above and undeveloped grains can be easily removed from the film
base by ultrasonic agitation. A series of high pH values of KBr dispersant have been used
for ultrasonic agitation in an attempt to gain improvement. Two films were investigated.
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One is Dmin (D = 0.08-0.1) of an exposed, D-19 developed and bleached SN202-7, and
another is an unexposed and bleached SN202-7.
The pH values, which were measured by a Cole-Parmer Chemcadet 5986-25 pH
meter, were adjusted from about 6 to 13. The results in Figure 4.9 show that more AgBr
grains could be removed from the film base with pH value increase and pH ~ 12 is a good
point to reach maximum.
(a)
-Q--(b)
9
PH
11 13
Figure 4.9 pH effect on sample's AgBr grains relative peak height
(a) Dmin part (D = 0.08-0.1) of exposed , D-19 developed and bleached SN202-7
(b) Unexposed and bleached SN202-7
So we used the optimum pH condition (pH -12) to obtain the F-log E curve for a
D-19 developed and bleached SN202-7 sample by EGSA the method. It can be seen from
Figure 4.10 that F-log E curves obtained by EGSA method and the normalized D-log E
curve coincide better than previous ones (shown in Figure 4.2) that were obtained in
normal pH value (pH ~ 6).
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Figure 4.10 F-log E curves for a D-19 developed and bleached SN202-7 (pH ~ 12)
Mutiple ? s stand for several EGSA measurements on the same sample.
4.1.6 Improved F-log E curves
Since there are still some small deviations between F-log E curves obtained by
EGSA method and the normalized D-log E curve in Figure 4.10, particularly in the
middle of the curves, high pH and adding Protease 200 enzyme were both used during
EGSA sample preparation in an attempt to obtain further improved F-log E curves. The
sample we used was the same as in Figure 4.10. The experiment conditions were:
(1) Prepare the control grains solution as described in section 3.3.2.
(2) 1 punch of the test emulsion film in 10 ml KBr dispersant containing 1% Protease
200, sonicate 8 min. at 50-55C, and then add 1ml NaOH (2M) to dispersant solution
(pH -12), swirl 5 min. at 40-45C.
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(3) Mix 0.1 ml control grains solution and 1.35-4.5 ml test grains solution in 20 ml KBr
dispersant, and swirl 3 min.
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Figure 4.11 F-log E curves for a D-19 developed and bleached SN202-7 (Combination of adding
Protease 200 and increasing pH in KBr dispersant). Mutiple *s stand for several
EGSA measurements on the same sample.
Figure 4.11 shows that F-log E curves obtained by EGSA method and the
normalized D-log E curve coincide well within the range of error. The result has been
repeated under same experimental conditions.
Up to now we may conclude:
1. Obtaining the F-log E curve by EGSA method is feasible by preparing samples under
certain process, i.e., an exposed film is D-19 developed and K2Cr207 bleached, and
then the emulsion grains are removed from the film base by combining sonicating film
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in 1% Protease 200 KBr dispersant at 50-55C first, and then increasing pH of such
dispersant solution to 12 at 40-45C. Noise in the EGSA measurement for such
prepared sample is significantly minimized by bleaching process, and also emulsion
grains are easy to be removed from the film base by using enzyme and high pH in
dispersant solution, resulting in a reliable F-log E curve. This process was used to
prepare EGSA samples for our other further studies.
2. For monodisperse emulsions, the coincidence of the normalized D-log E curve and F-
log E curve obtained by the EGSA method suggests that F-log E curves of each grain
size class in polydisperse emulsions obtained by the EGSA method may be used to
calculate quantum sensitivity of the corresponding grain size class.
4.1.7 Uniformity of the EGSA measurement
Uniformity of the EGSA measurement depends on two factors:
(1) AgBr grains are uniformly coated on the film base. Uniformly coated control film and
test film can provide the same number of emulsion grains for EGSA samples prepared
from the same control film and test film and eliminates EGSA measurement error for
such different EGSA samples.
(2) Uniform distribution of AgBr grains in EGSA sample. Since EGSA sample is
prepared by mixing control and test grain, and each EGSA measurement only scans
and reduces a part of total AgBr grains, uniform distribution of grains in EGSA
sample eliminates EGSAmeasurement error for different scans.
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In our EGSA measurement, we assumed that all the films were coated uniformly
and concentrated on examining the uniform distribution of emulsion grains on the filter
paper. In this case, the uniformity of EGSA measurement depends on the uniform
distribution of emulsion grains. We investigated the standard deviation of EGSA
measurement for samples measured at six different locations on the filter paper. The
results are summarized in Figure 4.12.
0 12 3 4 5 6
Sample number
Figure 4.12 Uniformity measurements
EGSA samples were prepared by adding Protease 200 and increasing pH in KBr
dispersant.
1 - SN202-4 unexposed, D-19 (6min.) developed and bleached (in K2Cr207) sample
Average = 0.71, Standard deviation = 0.054, error -7.6 %
2 - SN202-4 unexposed, and bleached (in K2Cr207) sample (Reference)
Average = 0.61, Standard deviation = 0.036, error - 5.9 %
3 - SN202-4 exposed, step7 (D=0.21) D-19 developed and bleached (in K2Cr207 )
sample. Average = 0.58, Standard deviation = 0.029, error = 5.0 %
4 - same as 1. Average = 0.88 , Standard deviation = 0.076, error = 8.6 %
5 - same as 2. Average = 0.99 , Standard deviation = 0.094, error = 9.5 %
* Sample 4 and 5 have a higher average value than that of sample 1 and 2
respectively is due to more volume of test grain solution was mixed with
0.1ml control grain solution in EGSA sample preparation.
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The results in Figure 4.12 show that our EGSA measurement uniformity is good
and measurement errors (standard deviation) under our experiment condition are 5-10%.
We also found that the error increases with relative peak height of test grains (shown in
Figure 4.13). Since the control grains were designed to control test grains in our EGSA
measurement as described in section 3.3.2, the maximum relative peak height of test grain
is one. In this situation, the maximum EGSA measurement error is about 10%.
o
LU
0.5 0.6 0.7 0.8 0.9
Relative peak height
Figure 4.13 The relation of the EGSA measurement errorwith the relative peak
height of test grains. The data are from Figure 4.12.
4.2 EGSA measurement of a mixture ofmonodisperse emulsions
We introduced the above EGSA method to obtain F-log E curves for pseudo-
polydisperse emulsions which were made by mixing two monodisperse emulsions (grain
sizes are 0.47 and 1.17 [im) during coating process. In this situation, three peaks appeared
in the grain size histogram, one for control grains, and the others for two different
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Figure 4.14-(1) F-log E curves for each grain size class in pseudo-polydisperse emulsions
(a) SN239-1 D-19 developed and bleached (b) SN239-6 D-19 developed and bleached.
Multiple symbols mean multiple scans at the different part on the filter paper for the same
EGSA sample. Experimental condition is the same as that in Figure 4.1 1.
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Figure 4.14-(2) F-log E curves for each grain size class in pseudo-polydisperse emulsions
(a) SN239-1 D-19 developed and bleached (b) SN239-6 D-19 developed and bleached.
Average data from Figure 4.14-(1).
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monodisperse emulsions. From EGSA information, F-log E curves for each grain size
class have been obtained (shown in Figure 4.14). SN239-1 was made from mixing two
different grain-size monodisperse emulsions together first, and then they were sensitized,
and finally were coated. SN239-6 was made from mixing two different grain-size
monodiperse emulsions which had been sensitized separately and then coated. The results
in Figure 4. 14 indicate that the large grain-size emulsion is more sensitive than the small
grain-size emulsion as expected. Furthermore, the sensitivity of the small grain-size
emulsion is less when it was sensitized separately than when it was sensitized as a part of
the grain mixture.
We have not tested the EGSA technique on a truly polydisperse emulsion because
of the limitations of our current EGSA instrument. A truly polydisperse emulsion
contains AgX grains with a wide range of grain sizes. If the EGSA were to be interfaced
to a computer with data acquisition capability, it would be a simple matter to sort the data
into arbitrary size classes for analysis, and then to construct the F-log E curve for each
size class. However, lacking this interfacing capability the best we can do is to work with
the hard copy histogram and manually measure peak height. In this situation, well-
separated peaks are necessary.
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Chapter 5
Conclusions
A new method, the electrolytic grain-size analyzer (EGSA) technique has been
developed to obtain the fraction of grains developable vs. log exposure curves (F-log E
curves) for each grain size class in polydisperse emulsions.
The correctness of the F-log E curve obtained by EGSA method has been
examined by comparing with that calculated from the normalized D-log E curve in the
case of monodisperse emulsions.
The problems in EGSA measurement, such as
"noise"
and emulsion solubility,
which affect the accuracy of F-log E curves obtained by EGSA method, have been
solved. Noise can be greatly reduced by carefully cleaning EGSA probe, and processing
film by K2Cr207 / H2S04 bleach solution. Emulsion grains can be easily removed from a
film base by ultrasonic agitation of the film in KBr dispersant containing Protease 200
enzyme first, then increasing pH of the dispersant to 12, swirling and heating for 5
minutes.
Uniformity of EGSA measurement has been investigated. The standard deviation
ofmeasurement in our work is about 10%.
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The EGSA method is a completely new way to obtain the F-log E curve for
emulsions and has two major advantages over microscopy technique:
High accuracy because more grains can be analyzed in a shorter time. One day is
required for the EGSA method, whereas multiple days formicroscopy.
With higher throughput more detailed investigation can be made, such as a chemical
sensitization series on a given emulsion to see how different grain size classes
respond in terms of sensitivity and fog. Such a study is virtually impossible with the
microscopy technique.
Although we only have examined F-log E curves for each grain size class in a
mixture of monodisperse emulsions by this method, most of the ground work of using
this EGSA method has been laid in this paper. With an advanced instrument with
interfacing capabilities to a computer for data acquisition, this EGSA method is ready to
apply to true polydisperse emulsions.
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Appendix 1
Glossary of terms for Electrolytic Grain Size Analyzer (EGSA)
VOLUME WEIGHTED DATA
100
V(16)
V(50)
V ( 8 4 )
ym D(16)=
D(50) =
D(84) =
ym Vag
Vag
VO-g
+ _
MVD =
VCV =
SEQ =
ym
0 = Vol. Wt.
50
1 = Area Wt.
XXXX - Good counts
Multiple pulses
Breakup pulses
Quick pulses < 260/is
Small grains ~ 0
XXXX
XXXX
XXXX
XXXX
XXXX - Large grains ^> 40/i (IX)
>
4u- (10X)
Area of increased sensitivity
I I
0.001 0.01
Grains/lO.Oy =
100
V(16)=
V(50)=
V(84)=
ym D(16)=
D(50)=
D(84) =
0.1 1.0
Volume Surface Area=
NUMBER WEIGHTED DATA
=
N0g
=
Nag
10.0 ym-
ym MND =
NCV =
CTS =
m /g Ag
ym
0.001
Glossary of Terms for Electrolytic Grain Size Analyzer (EGSA)
RM
V(50)
D(50)
Vag-
No;
va;
NO*
s
a
Nafl
MVD
vcv
NCV
Grains/1 00 fim2
'
Surface Area
CTS
SEQ
ALL DIAMETERS CALCULATED ASSUMING SPHERES
DEFINITION
Volume at the 50th percentile on the .
cumulative curve
Diameter of a sphere having volume
V(50)
V(50)/V(16)
V(50)/V(16)
V(84)A/(50)
V{84)A/(50)
/Vo-'Vct*a a
/^- Na +
2 n, V, D,
2n,V,
2n, D,
2n,
100
100
MVD
On
MND
/
2n,V,(D;-MVD)'
2n,V,
2n,(D,-MND);
2n,
28.96 2 n,
2n,V,
1.3 2 n, V,
2n,V,
in,
2/3
where:
DESCRIPTION
Median grain volume
Median grain diameter
Ratio 50th to 16th percentile,
volume-weighted
Ratio 50th to 16th percentile,
number-weighted
Ratio 84th to 50th percentile,
volume-weighted
Ratio 84th to 50th percentile,
number-weighted
Geometric standard deviation
volume-weighted
Geometric standard deviation
number-weighted
Mean diameter of the volume-
weighted distribution
Mean diameter of the number-
weighted distribution
Coefficient of variation,
volume-weighted
Coefficient of variation,
number-weighted
Arithmetic standard deviation,
volume-weighted
Arithmetic standard deviation,
number-weighted
Number of grains/100 pm2
when coated at 1g Ag/m2
Total surface area
(assuming spherical grains)
Number of grains counted
Chronological sequence number
n, = number of counts in the
ith EGSA channel
V, = volume represented by the i,h EGSA channel
D, = diameter of the sphere having volume Vj
Appendix 2
The F-log E curve obtained by the EGSA method based on
Figure 4.2(b) example
SN202-6 film was exposed to 15-step tablet for 1 s in a sensitometer, D-19
developed for 6 min., and washed. EGSA samples were prepared for each step of the
developed SN202-6 film as following steps:
(1) Placed 2 punches of the film containing control emulsion grains in 26.7 ml KBr
dispersant, and sonicated for 8 minutes at 50-55C.
(2) Placed 2 punches of the processed SN202-6 film in 10ml KBr dispersant and
sonicated for 8 minutes at 50-55C.
(3) Mixed 0.1ml control grains solution and a suitable amount of test grains solution,
which were prepared by step (1) and (2) respectively, in 20 ml KBr dispersant, and
swirled 3 minutes. Finally the solution was filtered with 0.1 (im filter paper by
vacuum filtration system.
The EGSA measurement data and calculated data for the F-log E curve are listed
in the table below. The items in the table are explained as follows,
logRelative E comes from the D-log E curve of SN202-6 filmwhich was exposed to 15-
step tablet for 1 s in a sensitometer, D-19 developed for 6 min., fixed for
3 min., and washed. It corresponds to the step number in the exposed and
processed film.
Volume (ml) is that how much of SN202-6 grains solution is mixed with 0.1 ml of
control grains solution in EGSA sample preparation step (3).
Dilutionfactor is the ratio of reference volume to sample volume for a step number. For
instance, Dilution factor = 1.62/1.6 = 1.0125 for step 15.
Peak height of SN202-6 grains on the grain size histogram
Relative peak height =
Peak height of control grain on the same size histogram
Relative peak height x Dilution factor
The normalized relative peak height =
Relative peak height of reference
Thefraction developable = 1 - the normalized relative peak height.
Reference in this example is an unexposed and unprocessed SN202-6 film. Its relative
peak height in the table is an average value based on four EGSA measurement
data.
Table The EGSA measurement data and calculated data for the F-log E curve
Step log Volume Dilution Relative The Normalized Fraction
Number Relative E (ml) Factor Peak Height Relative Peak Height developable
reference N/A 1.62 1 0.986 N/A N/A
15 1.2 1.6 1.0125 0.887
0.787
0.819
0.753
0.910
0.808
0.841
0.772
0.090
0.192
0.159
0.228
14 1.4 1.6 1.0125 0.809
0.742
0.813
0.787
0.830
0.762
0.834
0.808
0.170
0.238
0.166
0.192
13 1.6 1.66 0.976 0.755
0.784
0.745
0.681
0.747
0.775
0.737
0.674
0.253
0.225
0.263
0.326
12 1.8 1.62 1 0.479
0.443
0.443
0.495
0.485
0.449
0.449
0.502
0.515
0.551
0.551
0.498
11 2 3.6 0.45 0.295
0.244
0.281
0.135
0.111
0.128
0.865
0.889
0.872
10 2.2 3.6 0.45 0 0 1
As an example, the grain size histogram of step 13 of the processed SN202-6 film
is shown on next page. The higher peak corresponds to the control grains whereas the
lower one to the test grains.
.185
.225
. 2G2
574
609
636
1 . 21
1 . 18
1.16
3784
1606
621
407
0
0
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4.28
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Appendix 3
The D-log E curves of the films used in the thesis
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